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Abstract
Spectral dependencies of light reflection and absorption coefficients on photon energy for layered tetradymit-like n-PbBi4Te7
semiconductor doped with silver (or cadmium) and intrinsic defects have been investigated at T = 300 K.
The compound under study was established to exhibit a narrow direct forbidden gap. It was found that its optical band gap
Eoptg = 0.31 eV, an energy gap parameter Eg0 between absolute extremums of the valence and conduction bands in the sample with
the Hall electron concentration of 5.45 × 1020 cm–3 was equal to 0.08–0.12 eV, and a mdn/mdp ratio (effective masses of electron
and hole states densities) was equal to about unity. No other subbands located near the absolute extremum of conduction band
were revealed in PbBi4Te7. The electron dispersion law was also found to be non-parabolic in this matter. The law involved can be
described in the context of Kane non-parabolisity model taking into account an exchange interaction of free electrons. It was shown
that the most probable value of the Eg0 parameter fell within the range from 0.16 to 0.24 eV for PbBi4Te7 with nondegenerate free
electron gas.
Copyright © 2015, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The thermoelectricity phenomenon that involves the
conversion of heat to electrical energy, and vice versa, is
currently widely used to fabricate thermoelectric genera-
tors and coolers. The major advantage of these devices is
that they have no moving units and therefore require no
technical maintenance. This is why they are employed
in diverse areas, from the simplest coolboxes and mo-
bile phone chargers to complex machines for generating
electric power or regulating temperature in spacecraft.∗ Corresponding author.
E-mail address: alnveis@mail.ru.
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the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
(Peer review under responsibility of St. Petersburg Polytechnic University).The materials used to fabricate thermoelectric gener-
ators and coolers must meet various requirements related
to their cheapness, environmental safety and reliability.
However, all of them should have a high thermoelec-
tric figure of merit ZT (T is an absolute temperature).
The thermoelectric efficiency of materials Z = S02σκ–1
is determined by a combination of three kinetic coeffi-
cients: thermal emf S0, specific conductivity σ and heat
conductivity κ; the latter has two components: the κph
phonon (lattice) one and the κe electron one.
We should note that thermoelectric parameters S0, σ
and κe are interdependent. This significantly complicates
the process of optimizing Z, and, consequently, the ther-
moelectric figure of merit. The so far obtained ZT valuesion and hosting by Elsevier B.V. This is an open access article under
0/).
220 A.N. Veis /St. Petersburg Polytechnical University Journal: Physics and Mathematics 1 (2015) 219–228
Table 1
Characteristics of the studied samples.
No. Composition nH/B, 1020 cm–3
1 PbBi4Te7:Ag 5.4
2 PbBi4Te7 9.9
3 PbBi4Te7:Cd 12.8
Note: Thickness values for sample no. 1 d = 2.17 and 2.25 μm.
are listed in Table 1.in materials based on lead, germanium and bismuth tel-
lurides do not exceed 1.5 [1]. In this regard, there is a
constant search for new thermoelectrics that could pos-
sess high values of figure of merit. Currently, the spot-
light is on materials with low lattice thermal conduc-
tivities. Among these are new layered tetradymite-like
compounds m − A4B6 − n − A52 B63 (A4 – Ge, Sn, Pb; A5
– Bi, Sb; B6 – Te); most of them have been recently
synthesized. The production technology for these com-
pounds, their crystallographic and electrophysical prop-
erties are detailed in Refs. [2–8].
Hexagonal unit cells of the m − A4B6 − n − A52 B63
compounds are formed by various types of multilayer
stacks, regularly alternating along the hexagonal axis c.
Their crystalline structures are the densest cubic arrange-
ments of tellurium atoms, part of whose octahedral inter-
stices is occupied by cations. This circumstance, along
with the high atomic masses of elements making up the
composition of these compounds, causes low lattice ther-
mal conductivities of layered m − A4B6 − n − A52 B63
semiconductors due to effective phonon scattering.
The PbBi4Te7 that exhibits n-type conductivity is con-
sidered one of the most promising tetradymite-like com-
pounds. Suffice it to say that the authors of Ref. [6] ob-
tained a ZT value of 0.5 at T = 600 K for a PbBi4Te7
crystal whose electrophysical parameters were not opti-
mized at all and whose Hall electron concentration was
about 1 × 1021 cm–3, which is consistent with the data
for a bismuth telluride doped by intrinsic defects whose
free-hole concentration is lower by an order of magni-
tude (about 3 × 1019 cm–3). It was this material that was
chosen as the subject of study in the present work.
A significant increase in thermoelectric figure of merit
of PbBi4Te7 is possible only if its thermoelectric pa-
rameters S0 and σ are successfully optimized without a
significant increase in thermal conductivity. In order to
achieve this, it is necessary, first of all, to find ways of
sharply reducing its free-carrier density (currently it is
possible to vary the Hall electron concentrations nH/B (B
is the anisotropic Hall factor) measured at 77 K within
the range of 5.0 × 1020–1.3 × 1021 cm–3). Such a reduc-
tion can be attained either by doping the material or by
modifying its band spectrum through creating solid solu-
tions with cationic and anionic sublattice substitutions.
This is the reason why close attention is currently paid to
studying band spectra of layered tetradymite-like com-
pounds. However, the advances in this direction seem
rather inconspicuous.
To date, the temperature dependencies of the main
kinetic coefficients [4–8] and the optical reflection spec-
tra have been studied in two PbBi4Te7 samples with
Hall electron concentrations nH/B ≤ 7 × 1020 cm–3 [9].Most of the data obtained in Refs. [4–9] were inter-
preted through the parabolic conduction band model.
Ref. [7] provides an exception, as it assumes that the
PbBi4Te7 conduction band is nonparabolic. However,
Ref. [7] contains no experimental data substantiating this
claim. Moreover, the estimates for the density-of-state
effective mass at T = 77 K (md = 0.6m0) and its tem-
perature dependence md(T) = md0(T/T0)0.25, presented in
Ref. [7], were obtained under a parabolic approximation.
The thus found value of md was equated by the authors
of [7] to the value of the density-of-state effective mass
at Fermi level in PbBi4Te7 for nH ≈ 5 × 1020 cm–3.
Evidently, the data in Refs. [4–9] is not enough to
draw any conclusions about the details of the PbBi4Te7
band spectrum. This is why this work presents a more
detailed study of the spectral dependencies of the re-
flectivity coefficient R over the entirety of the currently
available range of Hall electron concentrations nH/B =
(5.4–12.8) × 1020 cm–3. This data was complemented
by the results of the study of the spectral dependence of
the optical absorption coefficient α, carried out for the
sample with the minimum free carrier concentration.
2. Samples and experimental procedure
The samples used in the study were kindly provided
by L.E. Shelimova (A.A. Baikov Metallurgy and Mate-
rials Science Institute of RAS, Moscow, Russian Federa-
tion). These were grown by the Czochralski method with
liquid-phase doping. The procedure of growing and dop-
ing the crystals and the X-ray results for the ready sam-
ples were described in detail in Refs. [4,5]. All studied
samples exhibited n-type conductivity. Their Hall elec-
tron concentration values were estimated from measur-
ing the principal Hall tensor component R321 (measured
along the hexagonal c axis) by the formula
nH = (eR321)−1
neglecting the anisotropic Hall factor B.
Free electron concentration was varied in the studied
samples by introducing cadmium or silver impurities into
the growth mixture. The characteristics of the samples
A.N. Veis /St. Petersburg Polytechnical University Journal: Physics and Mathematics 1 (2015) 219–228 221
1
2
mR/(m0B)
5                          10  nH/B,  1020cm–3
4
3
6
5
0.6
0.4
0.2
Fig. 1. The effective conductivity masses in PbBi4Te7 versus free elec-
tron concentration, T = 300 K. Our experimental results (1) and the
data of Ref. [9] (2) are shown. The lines indicate the results of the
calculation using the Kane model by the formula (6) without (curves 3
and 4) and with (5 and 6) accounting for the electron exchange inter-
action, for β = 0.1 (3), 1000 (4); Eg0, eV (A, eV): 0.059 (0.005) (curve
5); 0.087 (0.010) (curve 6).Optical surfaces necessary for measuring the reflec-
tivity coefficient were prepared by spalling the crys-
tals along the cleavage planes. Thin samples required
for studying the transparency spectra T(λ) were cleaved
from the blocks. Their thickness d was found using a
Model 250 profile-recorder/profile-meter with an error
of ±0.25 μm.
All measurements carried out in this study were taken
point by point at room temperature (300 K), in natu-
ral light propagating in the direction of the hexagonal c
axis. The number of runs across the spectrum varied for
different optical coefficients. When recording the reflec-
tivity coefficient, 20–60 runs turned out to be enough
to achieve the required accuracy (R/R ≤ 2%), while
more than 500 runs were necessary when recording the
transparency of each sample to achieve an acceptable
accuracy in values of α.
The absorption coefficient was calculated
α = 1
d
ln{[(1 − R)2 +
√
(1 − R)4 + 2R2T 2] · (2T )−1}.
(1)
The experimental transparency values averaged over
all runs were used in order to calculate α in the short-
wave region of the spectrum (for λ < 4.8 μm), with
smoothed functions T(λ) used only in the long-wave re-
gion, while the R values necessary for calculating the
absorption coefficient were in both cases found using
smoothed curves.
To improve the reliability of the final results obtained
in the fundamental absorption edge region, two sam-
ples of nearly the same thickness cleaved from different
parts of a massive single crystal were used to analyze the
α(hν) spectrum of PbBi4Te7:Ag. The data obtained for
each of them was processed separately, and only the final
results acquired from the analysis of this data were av-
eraged. Spectral dependences of optical reflection were
also measured in various cleavages of massive samples
(in 2 for the silver-containing sample, and 6 for the rest
of the samples). This allowed to reveal spatial inhomo-
geneities in the free carrier density distribution occur-
ring in PbBi4Te7 doped by intrinsic defects (sample no.
2 from Table 1) or by cadmium, and to reduce the ex-
tent to which these inhomogeneities affect the results of
calculating the effective conductivity masses.
3. Experimental results
3.1. Qualitative analysis of the obtained data
Fig. 1 shows the effective conductivity masses
mR/B (depending on the free electron concentration),determined in the cleavage plane by calculating the spec-
tral dependencies of the absorption coefficient. These
data were obtained using the Kukharsky and Subashiev
method [10] similarly to data of Ref. [9].
By this method, the value of high-frequency dielec-
tric permittivity ε∞ was found for the studied samples;
the result turned out to agree with the data of Ref. [9]
and equal 42.5 ± 2.0. The results shown in Fig. 1 in-
dicate an increase in effective conductivity masses in
PbBi4Te7 with an increase in free electron concentration.
This may suggest both that the dispersion law in the con-
duction band of the studied compound is nonparabolic,
and that the conduction band has an additional subband
with a high density-of-state effective mass, located near
the band absolute extremum on the energy scale.
In order to determine the type of optical transitions
at the interband absorption energy edge observed in
PbBi4Te7, the αN components associated with interband
transitions were taken from the experimental curves by
subtracting the light absorption by free electrons. For this
purpose, this absorption was extrapolated to the short-
wave range by the law
α f c ∼ (hν)−n.
It is evident from this relation that on a double-
logarithmic scale on which the experimental results are
shown in Fig. 2 the function αfc (hν) must appear as a
straight line with a slope equal to –n.
Since the spectral region where free-electron absorp-
tion may be considered predominant is too short, it is
impossible, based on the available experimental data, to
precisely determine the value of the exponent n in the
expression for αfc. Therefore, a set of the n parameter
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Fig. 2. The spectra of the absorption coefficient α in PbBi4Te7 for
nH/B = 5.45 × 1020 cm–3 (T = 300 K). The symbols show the ex-
perimental data; d, μm: 2.17 (1), 2.25 (2). Lines 3–7 show different
forms of extrapolating the free electron absorption used for separating
the interband absorption spectra from the experimental data.values in the expression for αf, which varied within the
range of 1.4–2.5 (see Fig. 2, straight lines 3–7), was taken
to find the interband absorption spectrum in PbBi4Te7.
One of the results obtained by subtracting the αfc (hν)
function, namely straight line 5 in Fig. 2, is shown in
Fig. 3а (curves 1 and 2).
The type of optical transitions in PbBi4Te7 at the en-
ergy edge of interband absorption was determined by1
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Fig. 3. Spectral curves of the interband absorption coefficient in PbBi4Te7
components by two methods (a and b): curve 5 in Fig. 2 was subtracted (a); cu
averaged over all results obtained for this (b). The lines show the results of c
Eg0, eV: 0.2 (curve 3); 0.1 (4); 0.0 (5); in Fig. 3b Eimax = 0.296 eV and md
for EgN = 0.271 eV and mdn/mdp = 3.0; d = 2.15 μm (1) и 2,25 μm (2).comparing the experimental data shown in Fig. 3 to the
results of calculating the absorption coefficient by the
formulae
αN ∼
∫ b
0
√
Ec(b − Ec)(1 − fc)dEc, (2)
αN = α0{1 + exp [Eg0 + μn(1 + mdn/md p) − hν]
·[(1 + mdn/md p)kT ]−1}−1. (3)
These formulae describe indirect and direct allowed
interband optical transitions of electrons, respectively.
In the formulae (2) and (3) αN and α0 are the absorption
coefficients in the semiconductor with degenerate and
non-degenerate free charge-carrier gas, respectively;
α0 = A(hν − Eg0)1/2
(Eg0 is the energy gap in the non-degenerate sample, A
is the proportionality factor); μn is the chemical elec-
tron potential; mdn, mdp are the density-of-state effec-
tive masses at the bottom of the conduction band and at
the top of the valence band, respectively; Ec is the elec-
tron energy in the conduction band measured from its
bottom;
b = hν − Eg0 + hνph,
(the phonon energy hνph was neglected in the calcula-
tions); fc is the Fermi function.
Here we should note that for high photon energies
(hν  Eg0 in case of indirect transitions, or hν  EgN
in case of direct ones) frequency dependences αN(hν),1
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obtained from the experimental data of Fig. 2 by subtracting the αfc
rves 3–7 in Fig. 2 were successively subtracted and the α values were
alculation by the formula (3), for EgN = 0.3 eV and various values of
n/mdp: 0.5 (curve 6); 1.0 (7); 2.0 (8); 3.0 (9); curve 10 was calculated
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Fig. 4. The difference (εgN – θmax) versus the Fermi-level energy εF
(see Eq. (4)).found from the formulae (2) and (3), asymptotically ap-
proach the functions α ∼ (hν)2 and α ∼ (hν)1/2, char-
acteristic for indirect- and direct-gap semiconductors
with nondegenerate free charge-carrier gas. This cir-
cumstance allows to assume, without resorting to cal-
culations, that the data shown in Fig. 3а satisfies the
dependence (3) for direct allowed transitions. This, in
turn, means that the absolute extrema of the conduction
band and the valence band in PbBi4Te7 are located in the
common point of the Brillouin zone, while their electron
wave functions have opposite parities.
Moreover, the optical band-gap of the doped EgN
semiconductor can be estimated using the formula (3)
as early as at the stage of qualitative experimental data
analysis. This possibility is due to the fact that the α0 and
αN values for hν  EgN differ only slightly in the short-
wave region of the αN(hν) spectra. They are determined
by the factor
{1 + exp(EgN − hν)[(1 + mdn/md p)kT ]−1}
(this factor does not depend on Eg0) which approaches 1
exponentially fast with an increase in photon energy hν.
In particular, already for
hν − EgN ≥ 0.15 eV
the difference between the α0 and αN values does not ex-
ceed 6%. Therefore, to estimate the magnitude of EgN, it
is sufficient to make a simple fit of the αN(hν) curve, con-
structed using Eq. (3), to the experimental data by vary-
ing the values of EgN and the proportionality factor A.
It was by this method that the experimental data on
optical absorption in PbBi4Te7 represented in Fig. 3a by
curves 1 and 2 was analyzed at the initial stage. The
αN(hν) dependences were calculated in the approxima-
tion mdn = mdp, with Eg0 equal to 0; 0.1 and 0.2 eV. The
calculation results are represented by the lines (curves 3–
5) in Fig. 3а. It was found that EgN ≈ 0.3 eV in PbBi4Te7.
3.2. Quantitative analysis of the interband absorption
spectra
The ultimate goal of our study was not only to find
the value of EgN, but to estimate the energy gap Eg0
in PbBi4Te7 with nondegenerate free charge-carrier gas.
However, to make this estimate, it is necessary to obtain
an interband absorption spectrum in PbBi4Te7 with non-
degenerate free charge-carrier gas, which studies have
not yet revealed. It was therefore necessary to establish
in the first place whether the dependence (3) had any fea-
tures indicating whether it was possible to determine an
interband absorption spectrum in the sample with non-
degenerate free electron gas, and, consequently, to findthe value of Eg0 based on the results of studying inter-
band absorption in a heavily doped crystal. This required
at least two α0i points belonging to the α0(hν) function
that for semiconductors with non-parabolic dispersion
law is rectifiable in the α02, hν coordinates. In this case,
the sought-for parameter Eg0 can be easily found using a
cutoff of the α0(hν) straight line on the x-axis. If the op-
tical band-gap EgN of a heavily doped crystal is known,
then one of the points required for the calculation can be
found at once: for hν = EgN, according to Eq. (3), αN
= α0/2. The other is easily found by Eq. (3), since the
α0/αN ratio does not depend on Eg0.
Thus, when analyzing Eq. (3), we should have iden-
tified the peculiarities of the αN(hν) spectra that would
have allowed to determine the value of EgN for a heav-
ily doped crystal independent of the absorption data in
the sample with nondegenerate free charge-carrier gas.
A comprehensive analysis of the αN(hν) spectra proved
that they actually exhibit these peculiarities.
First of all, we found that the energy derivative of
αN(hν) had its maximum at an energy of hνmax, deter-
mined by the expression
θmax = εgN − ln
{[
2ε2F − 2εF + 1
+ 2(ε4F − 2ε3F + ε2F − 2εF )1/2]
·(4ε2F + 4εF − 1)−1}, (4)
where
θmax = hνmax[(1 + mdn/md p)kT ]−1,
εgN = EgN [(1 + mdn/md p)kT ]−1,
εF = μn[(1 + mdn/md p)kT ]−1.
Let us note that the differences between hνmax and
EgN decrease with an increase in εF (Fig. 4).
Another peculiarity of the αN(hν) spectra allowing to
find the value of EgN was revealed through a graphical
analysis of the αN2(hν) curves constructed using Eq. (3)
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Table 2
The results of determining the energy parameters of the PbBi4Te7
compound.
mdn/mdp Eg0, eV δEgN, eV EgN, eV μn, eV
0.5 0.035 ± 0.029 0.0195 0.316 0.187
1.0 0.082 ± 0.036 0.0180 0.314 0.116
2.0 0.141 ± 0.032 0.001 0.297 0.052
3.0 0.175 ± 0.026 –0.025 0.271 0.024
Notations: Eg0 is an energy band-gap in the nondegenerate sam-
ple, δEgN is a correction to the optical band-gap, EgN = Eimax +
δEgN , μn is an electronic chemical potential.with the values of EgN and Eg0 specified in advance (and
therefore known). For this purpose, the αN2(hν) spectra
were split into parts
αN
2(hνi − 0.005) − αN 2(hνi + 0.005)
that were 0.01 eV-long on the energy scale, with secants
drawn through their ends satisfying the expression
α2N = B · hν + C, (5)
where
B = α
2
N (hν)2 − α2N (hν)1
h(ν2 − ν1) ,
= α2N − B · hν.
It turned out that the plots of the secant cutoffs on the
energy axis Ei(hν i) were curves with maxima (Fig. 5а).
It was also established that for samples with degenerate
free charge-carrier gas the values of Eimax in the max-
ima of Ei (hν i) functions were close to the values of
EgN used in the calculations (see Fig. 5b where the plots
of δEgN = EgN − Eimax versus (EgN – Eg0) difference
are presented).
An insignificant difference between Eimax and EgN
may be taken into account in the final result. Let us note,
finally, that the spectral range
(hνi − 0.005) − (hνi + 0.005)
within which the Eimax value is reached does not con-
tain the energy hνmax corresponding to the maximum
slope of the αN(hν) curve. This essentially allows to use
various parts of interband absorption spectra of heav-
ily doped samples to estimate the EgN value and thus
increase the reliability of this estimate.
The developed method was used as a basis of the
quantitative analysis of experimental absorption data ob-
tained for PbBi4Te7. Because of the significant initial
spread in αN values caused by not only experimental er-
rors but by an uncertainty in the n exponent value in the
αfc energy dependence, the optical band-gap EgN was
found, mainly, through constructing the αN2(hν) curves
and searching for the maximum cutoff values Eimax
of these dependences on the energy axis. We analyzed
the entire data set for αN = α – αfc obtained by sub-
tracting various spectral dependences of the coefficient
of light absorption by free electrons (these dependences
are shown in Fig. 2 by the curves 5–7). This allowed
to find the values of Eimax and to estimate the errors
δEimax occurring when the experimental curves are pro-
cessed by the above-described procedure.
The possible optical band-gaps Eg0i in PbBi4Te7 with
nondegenerate free electron gas were estimated from cut-
offs on the secants constructed by Eq. (5). All pointsnecessary for this procedure were found from the ex-
perimental values of αN using Eq. (3). The first (basic)
points represented α0 values found for hν values closest
to Eimax, as well as to Eimax ± δEimax. The α0 values
found for
hν > Eimax(hν > Eimax ± δEimax )
were used as the second points.
The thus obtained results were averaged using Stu-
dent’s distribution with the reliability s = 0.95. All data
falling outside the −EgN ≤ Eimax ≤ EgN range were
excluded. The calculations were carried out for discrete
values of mdn/mdp equal to 0.5, 1.0, 2.0 and 3.0.
It emerged that in the PbBi4Te7 compound
Eimax = (0.296 ± 0.08) eV,
while the Eg0 values increased with an increase in the
mdn/mdp ratio. The obtained results are listed in Table 2,
also containing the δEgN corrections found using the data
in Fig. 5b, as well as the values of
EgN = Eimax + δEgN ,
and the electronic chemical potential
μn = (EgN − Eg0)[md p/(mdn + md p)].
Of course, accounting for the corrections to the op-
tical band-gap for a heavily doped semiconductor must
be accompanied by a decrease in the cutoff values of the
α0
2(hν) straight lines constructed using Eq. (5) on the
x-axis. A direct calculation by Eq. (5) for mdn/mdp = 1,
using the values of α found for hν = EgN + δEgN, or for
hν = EgN + δEgN ± EgN as datum points, demonstrated
that a reduction of the average band-gap was insignifi-
cant and did not exceed 6 meV in the crystal with non-
degenerate free charge-carrier gas. Since the error in the
average Eg0 values caused by the scatter in experimental
α values is 5 times higher, such a small correction to the
Eg0 values can be neglected.
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Fig. 5. The results of the quantitative spectra analysis (see the text). The plots of Ei cutoffs versus hνi (a), and of δEgN corrections to the optical
band-gap versus the (EgN – Eg0) difference (b). The values of (EgN – Eg0), eV: 0.20 (curve 1); 0.35 (2); 0.45 (3); 0.60 (4) (a); and mdn/mdp ratios:
0.5 (curve 5); 1.0 (6); 2.0 (7); 3.0 (8) (b).4. Discussion of the results
Before proceeding with the analysis of the obtained
results, we had to assess the possible range of variation
of the mdn/mdp ratio corresponding to the experimental
data. For this purpose, the averaged values of αN = α
– αfc were compared to the calculated αN(hν) depen-
dences. The latter were constructed using the averaged
energy parameters of the PbBi4Te7 energy spectrum (see
Table 2) for EgN = 0.296 eV and the varying value of the
mdn/mdp ratio. The α0(hν) spectra necessary for calcu-
lating the absorption in the heavily doped sample were
constructed by two points using Eq. (5). The value of
hν = Eg0 for which α0 = 0 was selected as the first
of these points, while hν = EgN (or hν = EgN + δEgN
in case the corrections to EgN were taken into account)
for α0 = 2αN was used as the second one. An obvious
assessment criterion was whether the experimental data
was in agreement with the calculated curves. Addition-
ally, this agreement between the αN values was expected
to hold if the δEgN corrections to the optical band-gap of
a heavily doped crystal were taken into account. These
corrections depend on the difference between the values
of EgN and Eg0.
The obtained results are shown in Fig. 3b. It is ap-
parent that the closest agreement between the calculated
αN(hν) dependences and the experimental data is ob-
served for mdn/mdp equal to 0.5 and 1.0. This agreement
deteriorates with an increase in mdn/mdp, particularly in
the central region of the experimental spectra, where the
contribution of free electron absorption is already in-
significant and the experimental errors in the α values arenot yet too high. The calculation proved that introducing
the δEgN corrections for mdn/mdp ≤ 2 did not upset the
agreement between the calculated and the experimental
αN(hν) dependences, whereas for mdn/mdp = 3 a sharp
discrepancy between the experimental and the calculated
(see curve 10 in Fig. 3b) αN values was observed.
All of the above suggests that the value of the mdn/mdp
ratio in PbBi4Te7 lies within the range of 0.5–1.0. It fol-
lows then that the energy gap value Eg0 between the ab-
solute extrema of the conduction and the valence bands
does not exceed 0.12 eV in the studied crystal.
Let us now examine the concentration dependence of
the conductivity effective masses in the cleavage plane
(see Fig. 1). We should note straight away that no ev-
idence of additional subbands located near the abso-
lute extremum of the conduction band was revealed
in PbBi4Te7 absorption spectra for photon energies be-
low 0.45 eV. This goes to prove that the experimentally
observed increase in effective conductivity masses in
PbBi4Te7 is caused by the nonparabolicity of the electron
dispersion law.
The Kane nonparabolicity model (see, for example,
Refs. [11–14]) is successfully used for most narrow-gap
materials, in particular, A4B6 and A52B63 compounds, to
describe the concentration dependences of conductivity
effective masses of electrons and holes at T = 300 K.
According to this model, the concentration dependence
of conductivity effective masses is determined by the
expression [15]
mR
B
= mR0
B
0L3/20 (μ
∗, β∗)
0L3/2−1 (μ∗, β∗)
, (6)
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bottom; μ∗ = μ/kT is the reduced chemical potential;
β∗ = kT/Eg∗ (Eg∗ is the effective interaction gap, equal,
as a rule, to Eg0 [11–14]); nLmk are generalized Fermi
integrals
nLmk =
∫ ∞
0
−
(
∂ fc
∂z
)
zn(z + β∗z2)m(1 + 2β∗z)kdz, (7)
(z = E/kT is the reduced energy).
The values of μ∗ necessary for calculating the con-
centration dependence of conductivity effective masses
can be found from the expression for the concentration
of free charge-carriers that in the Kane model is written
as
nH
B
= 2π
3h3
(2md0kT/B2/3)3/20L3/20 (μ
∗, β∗), (8)
where md0 is the density-of-state effective mass at the
band bottom.
It is evident from the formulae (6)–(8) that the val-
ues of the conductivity effective masses depend on four
parameters: mR0, md0, β∗ and B. The great number of pa-
rameters, as well as a significantly wide range of allowed
μ values in the sample with nH/B = 5.45 × 1020 cm–3
preclude finding the values of mR0 and md0. In this con-
nection the purpose of the analysis of the conductivity
effective masses that we carried out was in identifying
a mechanism responsible for the formation of the elec-
tron dispersion law in PbBi4Te7 which caused the fast
increase in mR values within a narrow range of free elec-
tron concentrations.
The conducted analysis revealed that for any val-
ues of β∗ = сonst (nH/B) lying within the range of
0.1–1000, values of effective masses mR0 and md0 at the
band bottom could be selected that allow to reach an
agreement between the calculated curves and the exper-
imental points at low values of nH/B (see Fig. 1, curves
3 and 4). The corresponding value of the md0/mR0 ra-
tio turned out to equal 8–12. However, for higher nH/B
values the calculated curves were located lower than the
experimental points, suggesting that the exchange in-
teraction of free charge carriers may have a perceptible
effect on PbBi4Te7 properties [16]. This effect manifests
itself in semiconductors with Kane’s nonparabolicity law
in that the electron- or hole-occupied bands shift deep
into the band-gap with an increase in free charge carrier
concentration. As a result, the energy band-gap between
the absolute extrema of the valence and the conduction
bands reduces, which leads to an increase in the non-
parabolicity parameter β∗ [11].
The question of the effect that the exchange inter-
action of free charge carriers has on the energy band-
gap of semiconductors was examined in detail in Ref.[16]. It was demonstrated there that the narrowing of the
band-gap Eeeg due to electron–electron interaction was
defined by the expression
Eeeg = −Bn1/3H , (9)
where
B = 2
(
3
π
)1/3
e2ε−1∞
(γ M)2/3
[(1 − γ )γ ]1/2 arctg
(
1 − γ
γ
)
;
γ = mt/ml; ml −1, mt −1 are the longitudinal and the
transverse components of the inverse effective mass ten-
sor; M is the number of equivalent valleys.
Eq. (9) was previously successfully used to explain
the optical absorption and reflection data obtained in
lead selenide (PbSe) and telluride (PbTe) [11], and also
to interpret the features of concentration dependences
of conductivity effective masses in n-type bismuth tel-
luride Bi2Te3 [12]. Since the values of M, γ and ε∞
are known for these compounds, their values of the pa-
rameter B can be calculated. These turned out to equal
0.03 eV in PbSe, 0.018 eV in PbTe and 0.0093 eV in
n-Bi2Te3. In constrast with these compounds, the pa-
rameters of the band spectrum (M and γ ) for PbBi4Te7
are still unknown. We may only assume, based on the
van der Waals bonds existing between its layer stacks,
that the constant-energy surfaces in this compound are
strongly anisotropic. Therefore, there was only one way
to verify the prominent influence of electron exchange
interaction on the parameters of the PbBi4Te7 energy
spectrum, which involved selecting a value of the pa-
rameter B in Eq. (9) that would allow to fit the calculated
dependences of conductivity effective masses to the ex-
perimental data within the entire studied range of Hall
electron concentrations. This selection could be based on
the results of studying the optical properties of the sam-
ple with nH/B = 5.45 × 1020 cm–3. The thus selected B
values should then be assessed as to how well they agree
with the possible PbBi4Te7 energy spectrum. This lim-
ited both the values of the parameter B which could not
be too high, and the value of the energy gap Eg0 in the
sample with the electron concentration nH/B = 5.45 ×
1020 cm–3 which could not be too low. These limitations
allow to avoid, when calculating the conductivity effec-
tive masses, a zero-gap state (Eg0 = 0) occurring within
the studied range of Hall electron concentrations. This
state will become stable with a further increase in nH/B
since it is impossible to cross electronic states with the
same momenta and different wave function symmetries
[17].
Some of the results obtained in the calculation of the
conductivity effective masses in PbBi4Te7 in the context
of the Kane model with the electron exchange interaction
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Fig. 6. The energy scheme of the PbBi4Te7 semiconductor with non-
degenerate (а) and degenerate (b) free electron gas.taken into account and assuming Eg∗ = Eg0 are shown in
Fig. 1 (curves 5 and 6). The minimum energy band-gap
Eg0 in the PbBi4Te7 semiconductor with the free elec-
tron concentration nH/B = 5.45 × 1020 cm–3 turned out
to be 0.06 eV. It is for this value of Eg0 that it is possible
to fit the calculated curves to the experimental values of
mR/B for reasonable B parameter values. The value of
the parameter B in Eq. (9) appears to equal 0.005 eV
and grows with an increase in Eg0: for Eg0 = 0.08 eV it
reaches 0.010 eV, and equals 0.015 eV for Eg0 = 0.12 eV.
The obtained results prove that taking into account the
exchange interaction of free charge-carriers does indeed
allow fitting the calculated mR/B(nH/B) dependences to
the experimental points for reasonable values of the pa-
rameter B. Additionally, the results indicate that this ef-
fect needs to be taken into account when interpreting the
experimental data obtained in PbBi4Te7.
All of the above suggests that most likely, in
PbBi4Te7, mdn = mdp, while the energy gap Eg0 in the
crystal with the lowest free electron concentration (nH/B
= 5.45 × 1020 cm–3) at T = 300 K is 0.082 ± 0.036 eV;
preferably, the Eg0 values lying in the upper half of the re-
liability interval should be chosen. The latter assumption
is based on the fact that the number of equivalent valleys
M included in Eq. (9) is unknown for PbBi4Te7. If M ≤ 2,
then using the value of the parameter B = 0.005 eV may
involve difficulties in interpreting an abnormally great
anisotropy γ of the constant-energy surfaces in the stud-
ied compound. Apart from the number of valleys M, Eq.
(9) contains the function
F (γ ) = γ 2/3[γ (1 − γ )]−1/2 arctg[γ (1 − γ )−1],
that varies from 0 (for γ = 0) to 1 (for γ = 1), with the
fastest increase in F(γ ) within the γ = [0–0.01] range; at
the upper boundary of this range the function value turns
out to be 0.7. Therefore, already for M = 2, the value of
γ corresponding to the value of B = 0.005 eV does not
exceed 0.02. Such values of γ have not been observed
in any of the known semiconductors. This is the reason
why values of the parameter B falling within the 0.010–
0.015 eV range are to be preferred. In this case the value
of the energy gap Eg0 at T = 300 K may reach 0.16–
0.24 eV in the crystal with nondegenerate free electron
gas.
The energy scheme we obtained for the PbBi4Te7
semiconductor that is in agreement with the experimen-
tal data is shown in Fig. 6.
5. Summary
In conclusion, the studies that we carried out estab-
lished that PbBi4Te7 is a direct narrow-gap semiconduc-tor whose optical transitions at the edge of interband
absorption are of the allowed type. The exchange inter-
action of free charge-carriers has been shown to signif-
icantly affect the electron dispersion law in this com-
pound.
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